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ABSTRACT: Accurate modeling of large-scale biomolecular
systems depends on high-quality force field (FF) models. While
atomistic nucleic acid FFs have improved over the past four
decades, a universal framework for both natural and chemically
modified nucleic acids across diverse environments remains lacking.
In this work, we introduce a general methodology for developing
torsional energy parameters that apply to all nucleic acid systems.
Our approach simultaneously parametrizes key dihedral angles in
nucleic acids critical to simulating their conformations at
physiologically relevant temperatures and solvent environments.
The resulting FF, Creyon2$, achieves accuracy comparable to the
latest AMBER and CHARMM models, but our framework in

A
Ay

P /!' N

/ .
o
&
N P )
< QM Energy (kcal/mol)

Dynamics Sampling

r
MM Energy (kcal/mol)
B

Dihedral Torsion Energy ~ Hybrid /DNA Duplex

contrast is generalizable to chemical modifications (in linker, sugar and base). We validate Creyon25 across a wide range of RNA
and DNA structures, including tetramers, tetraloops, and duplexes. We found that the Creyon25 RNA model accurately reproduces
experimentally observed structures, although there is still room for improvement in the Creyon25 DNA model. This work represents
a major step toward creating robust FFs for chemically modified nucleic acids, supporting the advancement of oligonucleotide

therapies.

B INTRODUCTION

Nucleic acids are essential for the regulation of numerous
biological functions in all known forms of life. Their primary
functions include serving as inheritable genetic material and
facilitating the translation of genetic information into proteins.
Beyond these fundamental functions, nucleic acid—based
therapeutics have emerged as a powerful and rapidly evolving
modality of medicine with a broad potential to address a wide
range of human diseases.' > Applications range from vaccine
development,”” to cancer treatment,®” '’ and precision
medicines targeting rare diseases.’' ' Consequently, under-
standing the structural, dynamic and electrostatic properties of
natural and chemically modified nucleic acids is central to the
advancement of the rapidly growing field of oligonucleotide
therapies.'”

Molecular dynamics (MD) simulation serves as a powerful
tool, offering both high spatial and temporal resolution,'® for
probing those properties of nucleic acids. However, the
accuracy of MD simulations is critically dependent on the
quality of the energy models and the efficiency of conforma-
tional sampling. When modeling nucleic acids in explicit
solvent environments, atomistic force fields (FFs) are typically
used to study structural fluctuations (conformational changes)
and dynamic processes occurring on nanosecond to micro-
second time scales.'”'® The first-generation atomistic RNA/
DNA FFs were introduced in the early 1980s by the AMBER
community.'” Over the subsequent decades, numerous
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refinements to these FFs’’>' have significantly improved
the accuracy of nucleic acid simulations.””>” Notably,
numerous studies have effectively demonstrated the capability
of MD simulations using FF models to accurately predict
duplex melting temperatures®”** and aptamer structures,®*°
both of which are essential for advancing future development
of oligonucleotide therapies. Nonetheless, the quality of
current FF models remains far from ideal.’” For instance, a
recent study reported that while currently available nucleic acid
FFs are good at predicting the conformation of RNA/RNA
and DNA/DNA duplexes, none of them can accurately predict
the conformation of hybrid RNA/DNA duplexes as observed in
experiments.38

Past refinements of nucleic acid FFs have largely focused on
improving the accuracy of torsion energies which play a critical
role in determining nucleic acid conformations. However,
these efforts often rely on assumptions that lack thorough
justification. Specifically, (a) model compounds used for high-
level quantum mechanical (QM) calculations are heavily
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Figure 1. Model compounds for (A) base partial charges parametrization and (B) dihedral torsion energy development.

truncated,”®*"***" resulting in the independent parametriza-
tion of torsions such as a/f/y without accounting for coupling
with €/ or y/x (see Figure 1); (b) one-dimensional dihedral
scans are generally performed without considering the
collective behavior of torsion energies;”**>*"**~*" and (c)
nonscanning dihedral torsion angles are assigned ad hoc values
to avoid internal hydrogen bond formation.”®**** These
assumptions have led to decades of reparameterization and
fine-tuning of individual or small sets of torsion energy terms
in RNA/DNA FFs, often arbitrarily, to achieve desired
accuracy when comparing to available experimental
data.*®***% Unmodified torsion parameters are then
historically carried over from older FFs into newer ones,
which could potentially compromise the quality of the updated
parameter sets and result in inconsistencies. Furthermore, for
chemically modified nucleic acids with diverse chemical
modifications (in linker, sugar or base), this approach becomes
impractical, as the scarcity of experimental data makes it
unfeasible to individually refine each dihedral torsional term. A
more systematic and generalized methodology is therefore
required to address these challenges. Here, we offer such a
methodology in this work. We note that the workflow used in
the recently developed DNA force field Tumucl® aims at
addressing the issue of nonsystematically transferring older
parameters to new models by reparameterizing all nucleobase
partial charges and the key dihedral torsion energy terms. The
latter are parametrized simultaneously using data from a
collection of one-dimensional dihedral scans. This workflow
could potentially be applicable to noncanonical nucleobases
where experimental data is not available.

We design a more general methodology for developing
torsion energy parameters that are critical for determining the
structural and dynamic properties of nucleic acid systems.
Importantly, our goal is not merely to enhance existing RNA or
DNA FFs but to establish a framework that is broadly
applicable to a wide range of chemistries beyond native RNA
and DNA. As a preliminary step to apply this framework, we
reparameterize the base partial charges to account for base—
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base and base-water interactions (Figure 1(a)). Our framework
involves sampling of thousands of low-energy conformations of
nucleotide model compounds (Figure 1(b)) and then fitting all
important dihedral torsion energy terms concurrently. To
validate the proposed framework, we have developed a new set
of RNA and DNA FF models, named Creyon25, and tested it
on several RNA, DNA, and hybrid systems. Creyon2$
demonstrates comparable quality to the latest AMBER and
CHARMM FFs, reasonably reproducing the structural proper-
ties of various RNA and DNA systems in agreement with
experimental data. A major differentiation of Creyon2S5 lies in
the reproduction of a hybrid RNA/DNA duplex structure, in
which Creyon25 outperforms both latest AMBER and
CHARMM FF models. These results showcase the potential
of this framework in developing reliable FFs for chemically
modified nucleic acids, which in turn holds a great promise for
advancing oligonucleotide therapies.

The remainder of this paper is structured as follows. The
Methods section describes the approach used to develop
torsional energy parameters, detailing the underlying philoso-
phy and rationale. This is followed by an overview of the
computational procedures, including quantum chemistry
calculations and MD simulations. In the Results section, we
evaluate the performance of Creyon25 across various RNA and
DNA systems, presenting detailed analyses to demonstrate its
accuracy, effectiveness and expanded scope of application. The
Discussion section highlights the strengths and limitations of
our proposed framework, concluding with a summary of key
findings and potential directions for future research.

B METHODS

We describe our Methods as a general recipe for developing
FFs for nucleic acids. To develop the torsion energy terms for
nucleic acid systems, the following two-step workflow was
adopted (illustrated in Figure 1): (a) The partial charges of the
base atoms were determined by fitting the molecular
mechanics (MM) energy (using FF models) to reproduce
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the QM energy (as described below), while all the base-
environment interactions were modeled, including base self-
interactions (base stacking), base pair-interactions, and base-
solvent interactions. (b) Four RNA model compounds (Figure
1(b)) were selected (PORC, PORU, PORG, and PORA):
each model compound consists of a ribose sugar with a base
(C, U, G, or A), flanked by methyl-capped S’- and 3'-
phosphate groups. The dihedral torsion energy terms were
then obtained by fitting the MM energy to reproduce the QM
energy. Note that the quality of the dihedral torsion energy
parametrizations depends directly on the accuracy of the base
partial charges, whose values are essential for accurately
deriving the dihedral torsion energy in the specified nucleotide
model compounds (PORC, PORU, PORG, and PORA). For
DNA nucleotides, a similar procedure for obtaining the
dihedral torsion energies was applied, using four DNA
nucleotide model compounds (PODC, PODT, PODG, and
PODA).

Base Partial Charge Fitting. For developing base partial
charges of RNA, four N-methylated base molecules (C, U, G,
and A) were chosen as model compounds. First, to evaluate
the base self-interactions (stacking energy) between two
identical base molecules (C—C, U-U, G—G, and A—A), ab
inito MD simulations using the GFN2-xTB semiempirical
method™ in the gas phase were performed to sample their
conformations. The simulations were performed at 600 K with
the Nose—Hoover coupling method** (coupling time 10 fs).
The total sampling time was 100 ps with 1.0 fs integration
time. Structures were sampled at 100-step intervals, yielding
1000 configurations along the trajectory. Then, we performed a
constrained optimization on each configuration at the
Hartree—Fock (HF) level by fixing the N1 (in C and U)
and N9 (in G and A) atoms. The purpose of the optimization
was to relax the internal energy of the model compounds (e.g.,
bond lengths and angle bending), while restraining the relative
geometries between two base model compounds. This allows
us to evaluate the stacking energy between the base model
compounds in different stacking geometries. Note that this
sampling approach is fundamentally different from the
traditional scanning method™® for evaluating the base
interaction energy. The QM single point energy calculation
using RI-MP2"°/aug-cc-pVTZ was then performed on each
optimized configuration. All above QM calculations were
performed using the ORCA 5.0.3 package.*® Second, the same
procedure was applied to evaluate the base pair-interactions
(pairing energy) between two nonidentical bases of six systems
(A—G, A-U, A—C, G-U, G—C, and U—C). Lastly, the base-
solvent interaction was investigated as well. A base model
compound solvated by five TIP4PD"’ water molecules was
chosen as a model system. The hybrid quantum mechanics/
molecular mechanics (QM/MM) MD samplings of four base-
water systems (C—H,0, U-H,0, G-H,0, and A—H,0) were
performed and followed the sampling procedure described
above. Then, each configuration obtained by QM/MM MD
samplings was optimized at the HF level, while all water
oxygen atoms were constrained. The QM/MM single point
energy calculation using RI-MP2/aug-cc-pVIZ was then
performed on each optimized configuration. The total MM
energies of the above 14 systems were then optimized and
calculated by the Gromacs-2021 package*® without periodic
boundary conditions. The same restrained optimization
procedure was applied (using the FF models) to ensure that
the geometry of the MM conformers are similar to that of the
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QM ones. The initial base partial charges were taken from
DESRES-FF.”® The Nelder—Mead method in the Scipy
package®® was employed to optimize the base partial charges
while minimizing the root-mean-square error (RMSE)
between the QM (or QM/MM) and MM energy of above
14 systems simultaneously. Here, the RMSE is defined to be

Yoo BR - B w,
N
2o W (1)

where E¥" is the single-point QM energy, E¥™ is the MM
energy, and N is the number of configurations. To improve the
fit to low-energy conformations and reducing the contribution
to the fit of high-energy conformations suggested by a previous
work,*® we introduced the weight factor

RMSE =

an — e—(ESM_EoQM)/kBT (2)
where EQ is the energy of the lowest energy conformer found
in the ensemble, T is an effective temperature that should be
treated as a hyperparameter of the fitting procedure, and kg is
the Boltzmann constant. For fitting the partial charges we set T
= 2000 K—chosen to better reproduce the QM energy surface
regions (0—10 kcal/mol) by the MM energy surfaces.

For the DNA base partial charges, the parameters of three
bases (C, G, and A) are directly transferred from the RNA
counterparts. The parameters of T are derived from U, by
assigning standard methyl hydrogen charges in AMBER to
H71/H72/H73 atoms, and selecting C5/C7 charges to ensure
the net charge is zero. The evaluation of this assumption is
discussed in the Supporting Information (SI) (Section 1.1). All
the newly developed base partial charge values are summarized
in the SI (Section 1.2).

Dihedral Torsion Energy Development. Our nucleotide
model compounds for dihedral torsion energy development are
shown in Figure 1(b). We chose a complete nucleotide
monomer unit including methyl-capped 5'-end and 3’-end
phosphate groups, a (deoxy)ribose, and a base (C, U, G, A, T).
This choice allows us to evaluate the collective behavior of all
important dihedral torsions in a complete nucleotide monomer
unit.

To obtain a representative conformational ensemble of the
model compounds, configurations were collected using two
sampling schemes: meta-dynamics (MTD) sampling and
CREST sampling. In the MTD sampling procedure, 5000
configurations of each model compound were obtained using
the MTD*' (with the GFN-FF generic force-field energy
model®®) sampling approach with the analytical linearized
Poisson—Boltzmann (ALPB) implicit solvent model.>* In the
CREST sampling procedure,”* the same energy (GFN-FF) and
implicit solvent (ALPB) models were applied, and approx-
imately 2000 additional configurations of each model
compound were further collected. The input parameters of
the MTD and CREST sampling procedures are provided in the
SI (Section 1.3).

To derive a new set of dihedral torsion energy terms,
EXM({¢}), the difference between the QM energy (E?") and
the MM energy without the dihedral torsion contributions to
be fitted (EXn,) should be calculated

Eg ({9 = B — B, (3)
The following procedure was applied to each configuration
obtained by the two sampling procedures. First, each
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configuration was optimized at the HF level in the implicit
solvent (water environment) using the conductor-like polar-
izable continuum model (CPCM).>® Then, a single point QM
energy calculation at RI-MP2/aug-cc-pVTZ level in the gas
phase was preformed to obtain E¥"., All QM calculations were
performed using the ORCA 5.0.3 package.”® To obtain the
corresponding MM energy, each QM optimized configuration
was reoptimized using a FF model based on the parameters
(bonds, angles, nonparameterizing dihedrals, and nonbonded
terms) taken from the literature” (but with the new base
partial charges), while all the 13 (12 for DNA model
compounds) dihedral torsion angles were constrained. Then,
a single point MM energy calculation was performed in which
the contribution of the 13 (12 for DNA model compounds)
dihedral torsion energies were excluded to obtain Ejir,. All
MM calculations were performed using the Gromacs-2021"°
package. Following the procedure outlined above, we obtained
~7000 configurations (MTD and CREST) for each nucleotide
model compound. The corresponding dihedral torsion angles
{¢}, E¥' and EX]M, were passed to the fitting procedure
described below.

The new set of dihedral torsion energy was parametrized as a
sum of multiple dihedral angles, where each dihedral torsion
energy term i was defined by the following expansion

M
Eﬁf{ff(d)]) = Z ki ml1 + cos(mzﬁj -6,)]
m=1 4)
k

where ¢, is a dihedral angle, k;,, and 6, are the force constant
and the phase angle for the mth term in the cosine expansion.
In order to describe the dihedral torsion energy with sufficient
accuracy, we chose M = 4 (each dihedral can be represented by
a combination of four cosine functions). A total of 13 dihedral
terms are fitted simultaneously for the RNA model compounds
GGiea By ey kK and vy, to v,). Twelve dihedral terms
are fitted simultaneously for the DNA model compounds (same
set of dihedrals with the exception of k).

The dihedral torsion parameter fitting strategy involves
recasting the dihedral torsion energy as a linear function of the
fitting parameters, enabling the use of ridge regression for
optimization. We started by formulating a new dihedral torsion
energy, corresponding to the set of dihedral angles being fitted,
in the following form

M
ExM({p)) = Z z (- sin(m(,bj) + b, cos(m(bj)
j m=1 (5)

where a;,, and b, are the fitting parameters. Equation S
specifies the design matrix of a linear fitting problem in which
each row corresponds to a different configuration, while eq 3
specifies the response vector, and eq 2 was used to specify the
weight. We used the glmnet package®® to perform ridge
regression on the weighted linear fit problem. The glmnet
package automatically optimizes the ridge parameter using
cross-validation. After obtaining the fitting parameters, we
discard the constant term (as it does not affect the dihedral
forces) and map the fitting parameters 4, and b, to
parameters k;, and &, which we use to generate the new
dihedral torsion energy terms in a Gromacs compatible format.

In the dihedral torsion parameter fitting procedure, we again
used eq 1 to evaluate the fitting quality. The effective
temperatures of T = 1000, 1500, and 2000 K were employed
for the PORC, PORA/PORG, and PORU systems, respec-

7538

tively, to achieve the most accurate reproduction of NMR *J-
coupling constants obtained from RNA tetramer simulations
(see Results section). For all DNA model compounds, an
effective temperature of T = 2000 K was utilized uniformly. It
should be emphasized that the selection of effective temper-
atures within the range of 1000 to 2000 K was intended to
improve the agreement between MM energy surfaces and QM
potential energy surfaces, particularly within the energy range
of 0 to 10 kcal/mol.

Molecular Dynamics Simulations. Classical MD simu-
lations were performed using the Gromacs-2021 package.”” A
wide variety of RNA and DNA systems described below were
selected to benchmark the performance of Creyon2S. For
benchmarking purposes, we also selected the widely accepted
AMBER RNA OL3* and DNA OL21°** force field models
to evaluate several RNA and DNA systems. The combination
of RNA OL3 and DNA OL21 is referred to as AMBER14SB
throughout this work.

RNA Tetramers. Four RNA tetramer systems were selected
for validation: CCCC, UUUU, GACC, and AAAA. The initial
configurations of these tetramers were prepared using the
following procedure: First, a 10 ns MD simulation was
performed in vacuum at 600 K, starting from an A-form
conformation to allow the tetramer to adopt a fully extended
state. The extended structure was then solvated in a 3.0 nm
cubic box containing approximately 850 TIP4PD® water
molecules and 0.15 M sodium chloride, with parameters taken
from CHARMM?22.°" Next, the solvated system underwent
equilibration at 300 K and 1 atm, using the Berendsen
thermostat and barostat®” for 10 ns. This was followed by a 10
ns canonical ensemble (NVT) simulation employing the
stochastic velocity rescaling method®® with an external heat
bath set to 300 K (coupling time: 1 ps). After achieving
equilibrium, we applied replica exchange with solute tempering
(REST2)* to conduct replica exchange molecular dynamics
(REMD) simulations. To enable REST2-based REMD, we
compiled PLUMED-2.7.2°° with Gromacs-2021.°" Eight
replicas were generated using equilibrated conformations
from the previous NVT simulations, with temperatures ranging
from 300 to 580 K and an acceptance ratio of 20—30%
between neighboring replicas. Each replica was simulated for 1
us, ensuring extensive sampling. For all subsequent analyses
(unless otherwise stated), we used the trajectory from the 300
K replica, consisting of 40,000 snapshots after discarding the
first 200 ns. To benchmark and compare the performance of
Creyon2S5, we also modeled the tetramer systems using
DESRES-FF** and CHARMM36.%

RNA Tetraloops. We selected three RNA tetraloop systems:
gcUUCGge (8mer), gggcGAGAgccu (12mer), and ggca-
cUUCGgugece (14mer), where capitalized letters denote the
loop regions. The initial configurations were obtained from
experimental structures: X-ray for the 8mer (PDB: 1E7Y®")
and NMR structures for the 12mer (PDB: 1ZI1G®) and 14mer
(PDB: 2KOC®). Notably, the gcUUCGgc tetraloop is a
fragment extracted from an RNA-protein complex (PDB:
1F7Y). Each structure was solvated in a 5.0 nm cubic box
containing approximately 4000 TIP4PD water molecules and
0.15 M sodium chloride. The equilibration procedure and
simulation settings were identical to those used for the RNA
tetramers. To evaluate tetraloop stability with Creyon2$5, we
performed NVT (constant particle, temperature, and volume)
simulations at 300 K for 2 us per system. Additionally, two
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extra simulations were conducted for the 8mer at 280 and 290
K to further assess its stability at lower temperatures.

RNA Duplexes. Two RNA duplex structures were selected
for wvalidation: GGUGAGG:CCUCACC(7mer) and
GCAGAGAGCG:CGCUCUCUGC(10mer). The 7mer struc-
ture was derived from X-ray experiment (PDB: 3GVN'"),
while the 10mer was obtained from NMR spectroscopy (PDB:
2JXQ’"). Both duplexes were solvated in 5.0 nm cubic boxes,
each containing approximately 4000 TIP4PD water molecules
and 0.15 M sodium chloride. The equilibration process and
simulation parameters were identical to those used for RNA
tetraloops. To assess duplex stability with Creyon25, we
conducted NVT simulations at 300 K for 2 us per system. For
the benchmarking purpose, AMBER14SB (RNA OL3) force
field was also selected to perform the 10mer simulation.

DNA Duplexes: A-DNA, B-DNA, and Z-DNA. We selected
three common DNA duplex conformations: A-DNA, B-DNA,
and Z-DNA. The initial structures were obtained from X-ray
crystallography, specifically A-DNA (PDB: 1ZF9’*), B-DNA
(PDB: 1BNA’®), and Z-DNA (PDB: 1ICK’*). Each DNA
duplex was solvated in an environment tailored to its structural
characteristics: A-DNA was solvated in a 5.0 nm cubic box
with a 40:60 water/ethanol mixture and 18 sodium ions to
maintain charge neutrality. Ethanol FF parameters were taken
from generalized AMBER force field (GAFF).”> B-DNA was
placed in a 6.0 nm cubic box containing approximately 6800
TIP4PD water molecules and 0.15 M sodium chloride. Z-DNA
was solvated in a 5.0 nm cubic box with approximately 3700
TIP4PD water molecules and 2.0 M sodium chloride to
replicate a high-salt environment. The equilibration process
and simulation parameters followed the same protocol as those
used for RNA tetraloops. To assess DNA duplex stability with
Creyon2S5, we conducted NVT simulations at 300 K for 2 us
per system. For the benchmarking purpose, AMBER14SB
(DNA OL21) force field was also selected to perform
simulations of above three DNA systems.

Hybrid RNA/DNA Duplex. An RNA/DNA hybrid duplex
was chosen for the validation as well. The initial configuration
of the hybrid duplex was taken from the X-ray structure (PDB:
1PJG®). This structure was then solvated in 5.0 nm cubic
boxes with ~4000 TIP4PD water molecules and with 0.15 M
sodium chloride. The equilibrium procedure and simulation
setting were the same as that of RNA duplexes. To investigate
the stability of the hybrid duplex with Creyon25, NVT
simulation was performed at 300 K for 2 us. For the
benchmarking purpose, AMBER14SB force field was also
selected to perform the above simulation.

Protein/RNA Complex. A recently resolved cryo-EM
structure of the RNA duplex bound to the Ago2 protein
(PDB: 9CMP’’) provides a valuable model for studying
siRNA-Ago2 interactions. We selected this system to bench-
mark the compatibility of Creyon25 with AMBER protein FFs.
The Ago2 protein was modeled using the AMBER99SB-ILDN
FE.”® The initial configuration of the Ago2/RNA complex was
obtained from the cryo-EM structure, with missing protein
residues reconstructed using Swiss-Model homology model-
ing.”” The magnesium ion at the reaction site was removed
from the original structure. The system was then solvated in a
12.0 nm cubic box, containing approximately 52,000 TIP4PD
water molecules and 0.15 M sodium chloride. The
equilibration process consisted of the following steps: A 100
ns NPT simulation at 300 K was conducted with strong
position restraints (1000 kJ/mol-nm*) on all heavy atoms of
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the resolved protein residues and RNA, excluding residues
reconstructed via homology modeling. Another 100 ns NPT
simulation was performed, this time applying positional
restraints only to the C, atoms of the protein. A 100 ns
NVT equilibrium simulation was then carried out at 300 K
without any restraints. At this stage, the protein-RNA complex
was considered equilibrated. After equilibration, a 1 us
production run was conducted at 300 K to evaluate the
system’s behavior with Creyon25 and the AMBER protein FF.

DNA G-Quadruplex. We selected a DNA G-quadruplex for
the final validation. The initial structure was obtained from X-
ray crystallography (PDB: 1JRN®°). The G-quadruplex was
solvated in a 5.0 nm cubic box containing approximately 4000
TIP4PD water molecules and 0.15 M potassium chloride. The
equilibration process and simulation settings were identical to
those used for RNA tetraloops. To evaluate the stability of the
DNA G-quadruplex with Creyon25, we performed two
constant-temperature simulations at 280 and 300 K for 2 us
each. Light positional restraints (100 kJ/mol-nm?) were
applied to the five central coordinated potassium ions to
maintain structural integrity throughout the simulations. It is
observed that in simulations using Creyon2$, ions rapidly
escape from their coordination sites (within 100 ns) in the
absence of restraints, leading to significant distortion of the G-
quadruplex structure. For the benchmarking purpose,
AMBERI14SB (DNA OL21) force field was also selected to
perform simulations of G-quadruplex.

B RESULTS

Force Field Parameterization. As mentioned in the
Method section, base partial charges of model compounds are
first parametrized simultaneously for 14 systems. Figure 2(a)
shows the correlation plots between and QM energy and the
predicted MM energy of four systems (C—H,0, G—H,0, C—
C, and C—@G). The effective temperature weighted RMSE (T =
2000 K) of each system was calculated using eq 1.

Correlation plots of other systems are shown in the SI
(Section 1.1). The 13 dihedral torsion energy terms were
parametrized simultaneously for RNA and model compounds
(12 dihedral torsion energy terms for DNA model com-
pounds). Fitting results for RNA (PORC, PORU, PORG, and
PORA) and DNA (PODC, PODT, PODG, and PODA)
model compounds are shown in Figure 2(b). The effective
temperature weighted RMSE of each system is calculated using
eq 1. The details of dihedral torsion energy surfaces and
parameters of all model compounds are shown in the SI
(Sections 1.4 and 1.5).

MD Simulations of Nucleic Acid Systems for
Validation. RNA Tetramers. NMR *J-coupling experiments
of short oligonucleotides provide structural information on the
dihedral torsion an§le distribution, which are often used to
validate FF models.”" We first performed REMD simulations
of four RNA tetramers (CCCC, UUUU, GACC, and AAAA)
to extensively sampling their configurations and calculated the
NMR ?J-coupling constants related to dihedrals using the
Karplus equation.”’ We compared the qualities of three FF
models: DESRES-FF, CHARMM36, and Creyon25. The
results are summarized in Figure 3. More details of J-coupling
constants for individual dihedral are presented in the SI (see
Tables SS and S6 in Section 2.1). By comparing the overall
RMSEs, it shows that the quality of Creyon25 is in between
DESRES-FF and CHARMM36. This indicates that Creyon2$
reasonably reproduces the RNA tetramer conformational
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ensembles in solution (Figure 3(a)). The flexibility of
tetramers was also compared by calculating the root-mean-
square-fluctuation (RMSF) shown in (Figure 3(b)). It can be
seen that, in general, DESRES-FF predicts slightly more rigid
structures, and CHARMM36 predicts slightly more flexible
ones, while Creyon25 is in between. A particularly interesting
observation emerged from the UUUU tetramer simulations:
both DESRES-FF and CHARMM36 predominantly predicted
C3'-endo sugar puckering, whereas experimental data suggests
a more balanced C2’- and C3’-endo population, based on
sugar puckering-related dihedral angles (v, v5, and v3). This
discrepancy has also been reported in previous studies.”®
Notably, Creyon25 captured a more balanced distribution of
C2'- and C3’-endo conformations, demonstrating its ability to
accurately model sequence-dependent variations in sugar
puckering.

RNA Tetraloops. Reproduction of RNA tetraloop structures
using MD simulation is a crucial step for FF validation. We
performed MD simulations of three RNA tetraloops with
different sequences and lengths to further investigate the
quality of Creyon2S. To trace how the simulated structures
deviate from the crystal and NMR ones, the backbone (O5'—
CS’'—C4'—C3'—03—P) root-mean-square deviation (RMSD)
as a function of simulation time for each system was calculated
and shown in Figure 4. Note that terminal nucleotides were
neglected for the RMSD calculations, due to their high
flexibility in solution. It can be seen that for the 12mer and
14mer tetraloops, their backbone RMSDs with respect to the
initial structures are below 0.25 nm within 2 us simulation
time, which indicates that Creyon25 well stabilize those
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tetraloop folded states found in NMR experiments. In contrast,
for the 8mer, the backbone RMSD in the 300 K simulation
rises sharply beyond 0.4 nm, reaching 0.6 nm after 200 ns,
indicating that a large conformational change happened. This
suggests that the short tetraloop, which has been exper-
imentally observed to adopt a folded state in solution, is not
well-stabilized by Creyon2S at 300 K. This indicates that the
folded state might not be the most dominant configuration at
300 K (approaching to its melting temperature), and the
unfolding/refolding processes cannot be observed within short
constant room temperature simulations. However, in the 280
and 290 K simulations, the RMSD remains below 0.25 nm,
indicating that Creyon2$ is capable of maintaining its folded
state at temperatures below 290 K within 2 us simulation.

RNA Duplexes. Two RNA duplexes were selected to further
benchmark the Creyon25 RNA FF. Following the approach
used for the tetraloop systems, we computed backbone
RMSDs as a function of simulation time, as shown in Figure
S. To ensure a reliable assessment, terminal nucleotides were
excluded from the RMSD calculations due to their high
flexibility in solution. The results indicate that, for both
duplexes, backbone RMSDs remain below 0.25 nm throughout
the 2 us simulation, demonstrating that Creyon2S accurately
preserves the structural integrity of both X-ray and NMR-
resolved duplex structures. Detailed duplex structural informa-
tion on 7mer and 10mer are summarized in the SI (Section
2.2, Tables S6 and S7).

DNA Duplexes. To assess the accuracy of the Creyon2$
DNA FF, we selected three commonly observed DNA
conformations: A-DNA, B-DNA, and Z-DNA. Figure 6
presents the overlaid MD snapshots and crystal structures for
these systems, along with their corresponding RMSD curves.
In the B-DNA simulation with Creyon25, we observed a higher
RMSD (~0.4 nm) compared to previous theoretical studies
using recently developed DNA FFs, such as Tumucl (RMSD
~ 0.15 nm™) and DESRES-FF (RMSD ~ 025 nm’').
Meanwhile, in simulations of A-DNA in an ethanol/water
mixture and Z-DNA in a high-salt environment, RMSD values
remained below 0.3 and 0.15 nm, respectively. We further
compared the above simulations with those using AM-
BER14SB. Analysis of backbone RMSD and y dihedral
distributions (SI, Section 2.3) indicates that AMBERI14SB
performs better for B-DNA, while Creyon2$ is more suitable
for simulating A-DNA. Both force fields perform well for Z-
DNA. These results suggest that Creyon25 accurately
reproduces A-DNA and Z-DNA duplex conformations but is
suboptimal for B-DNA. Detailed duplex structural information
on A-DNA, B-DNA, and Z-DNA are summarized in the SI
(Section 2.2, Tables S9—SI1).

Accurately reproducing the BI/BII state population of B-
DNA is a critical benchmark for assessing the quality of DNA
FFs. It is well-known that the B-DNA backbone can adopt two
distinct conformations: BI and BII, defined by the difference
between the € and ¢ dihedral angles (BI: ¢ — { < 0 and BII: €
— ¢ > 0).% In the B-DNA simulation with Creyon25, the
calculated BI and BII populations were 83 and 17%,
respectively. These values closely align with the BI/BII
distribution (74/26%) reported in a recent theoretical study
using the Tumucl model,® indicating that Creyon25
effectively captures the backbone conformational dynamics of
B-DNA.

Hybrid RNA/DNA Duplex. To assess the compatibility of
Creyon25 RNA and DNA models, we selected an RNA/DNA
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conformational changes and stability of tetraloop systems, 10 MD snapshots (shown as yellow ribbons) along the full simulation trajectory for each
system are overlapped with the X-ray or NMR structures (shown as pink ribbons).

hybrid duplex for validation. The simulation results are
presented in Figure 7. The overlap of simulation snapshots
with the crystal structure (Figure 7(a)) and the backbone
RMSD over time (Figure 7(b)) demonstrate that Creyon2$
effectively stabilizes the hybrid duplex, as resolved in X-ray
experiments.”® We further compared the above simulation with
one using AMBERI4SB. Analysis of backbone RMSD and y
dihedral distributions (S, Section 2.3) indicates that Creyon25
is more suitable for simulating such hybrid RNA/DNA duplex.
Detailed duplex structural information on the RNA/DNA
hybrid duplex were summarized in the SI (Section 2.2, Table
S12).

Beyond backbone conformation, DNA sugar puckering endo
state is a key structural feature that differs depending on its
hybridization state. Experimental evidence showed that in
RNA/DNA hybrid duplexes, DNA sugar puckering predom-
inantly adopts the C3’-endo state, whereas in homogeneous B-
DNA duplexes, C2'-endo is the dominant conformation.”***
Accurately capturing this conformational shift is essential for
validating the DNA puckering behavior in different environ-
ments. To evaluate this, we calculated the C2’- and C3’-endo
state populations based on the backbone dihedral angle 6 and
the ring dihedral angle v,, as shown in Figure 7(c),(d). The
C2'- and C3'-endo states are defined as following: C2'-endo: &
> 120°/v, < 0°, and C3’-endo: § < 120°/v, > 0°. The results
reveal that in the RNA/DNA hybrid duplex simulation, C3'-

endo is strongly dominant (C2'/C3’ = 5%:94%), while in the
B-DNA simulation, C2'-endo is much more prevalent (C2'/
C3’ = 70%:26%). Notably, a similar C2’-endo population
(~76%) in a B-DNA duplex was also reported in a recent
theoretical study.’® These findings indicate that Creyon2s
successfully reproduces the environment-dependent sugar
puckering preferences of DNA in both RNA/DNA hybrid
and B-DNA duplexes.

Protein/RNA Complex. The RNA-binding Ago2 protein is
an ideal system for assessing the compatibility between nucleic
acid and protein FFs. Figure 8 presents the simulation
snapshots and backbone RMSD curve. Throughout the 1 us
simulation, the average backbone RMSD for RNA is ~0.3 nm,
demonstrating that Creyon25 maintains structural stability and
is well compatible with AMBER protein FFs. We found that
the larger RMSD of the protein backbone is primarily due to
increased flexibility in the PAZ domain, consistent with
observations from cryo-EM experiments’’ (Figure 8(c)). The
presence of approximately 30 hydrogen bonds between the
protein and RNA duplex indicates strong electrostatic
interactions (Figure 8(d)), which are well captured by both
the Creyon2S and AMBER force fields.

G-Quadruplex. To further assess the accuracy of the
Creyon25 DNA model, we conducted MD simulations of a
noncanonical DNA structure: G-quadruplex. Figure 9 presents
the simulation snapshots and backbone RMSD curves. The
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results show that the MD structures deviate non-negligibly
from the crystal structure even at low temperature (280 K),
yielding an average RMSD of approximately 0.35 nm. At room
temperature (300 K), the deviation becomes even more
pronounced, with an RMSD of ~0.6 nm. These findings
suggest that the Creyon25 DNA model does not effectively
capture the structural characteristics of G-quadruplexes with
coordinated potassium ions. We further compared the above
simulation with one performed using AMBER14SB. Analysis of
backbone RMSD and y dihedral distributions (SI, Section 2.3)
indicates that AMBERI14SB accurately captures the G-
quadruplex structure, while there is room for improvement
in the y dihedral parameters of Creyon25 for accurately
modeling G-quadruplex systems. A more detailed discussion of
this discrepancy will be provided in the Discussion section.

B DISCUSSION

The guiding philosophy of this work is to propose a
generalized approach to develop FF models for a wide range
of chemically modified nucleic acids without relying on
arbitrary assumptions, ad hoc parameter fine-tuning, or other
obtuse strategies. To the best of our knowledge, the
parametrization of dihedral torsion energy terms in all existing
nucleic acid FF models follows practices that are not justifiable
in modern model fitting approaches. First, key dihedral torsion
angles are typically parametrized independently. For example,
a/p/y are treated separately from €/, as well as y and «;, often
using heavily truncated model compounds for QM calcu-
lations. Next, one-dimensional scans are commonly performed
for each key dihedral individually, with nonparameterized
dihedral angles assigned arbitrary values to enforce desired
geometries, such as avoiding internal hydrogen bond formation
or enforcing sugar puckering in either C2'- or C3’-endo states.
This could lead to the underestimation of several low
populated but important states (e.g., the BII state in DNA).
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Furthermore, refinements tend to focus on improving only a
subset of dihedral angles to meet quality requirements rather
than reparameterizing all dihedral angles in a consistent and
unified workflow. The framework proposed here seeks to
overcome these limitations by offering a systematic and
cohesive methodology for parametrizing dihedral torsion
energy terms in nucleic acid FFs.

Several key improvements are introduced in our framework.
First, complete nucleotide units, including both 5’- and 3’-end
methyl-capped phosphate groups, a sugar, and a base, were
chosen as model compounds. This comprehensive representa-
tion allows for the investigation of the collective behavior of all
important dihedral torsions within a nucleotide unit. Instead of
relying on traditional one-dimensional dihedral scans to collect
model compound conformations for QM calculations, a
dynamic sampling scheme is introduced. This approach
captures a more realistic and physically meaningful conforma-
tional ensemble while avoiding artifacts caused by assigning ad
hoc values to nonparameterized dihedral angles. Furthermore,
all important torsion angles are parametrized simultaneously,
eliminating issues related to treating parameters inconsistently,
such as mixing old and new dihedral parameters. Another
critical improvement is that the dihedral torsion parameters
derived from this framework are specific to a given linker-
sugar-base combination, rather than universally applicable. For
instance, the a/f/y/6/€/{ and /v, parameters are no longer
assumed to be identical across nucleotide units with different
bases, which is a common assumption in all current available
nucleic acid FFs.

This specificity of dihedral torsion parameters enables a
systematic application to develop FFs for modified nucleotides,
such as those with phosphorothioate linkers, 2’-O-methyl
sugars, or 7-deaza-guanosine bases—model compounds with
new atom species or extra function groups would require
highly specific parameters to correctly model their torsion
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energies. However, this approach requires significantly higher
computational cost, as parameters derived from this framework
are not transferable across different nucleotide types.
Consequently, each linker-sugar-base combination must be
parametrized individually, making the process more resource-
intensive. In addition to computational cost, we observed that
the dihedral torsion parameters and the corresponding MD
simulation outcomes are highly sensitive to the selection of
energy models and conformational sampling schemes, as well
as the hyperparameter T (effective temperature) in the fitting
procedure. Several parametrization attempts employing alter-
native energy models (e.g, GFN2-xTB) and sampling
strategies (e.g., MTD-only or CREST-only sampling) did not
yield satisfactory results. A more detailed discussion of these
unsuccessful parametrizations is provided in the SI (Section 3).

Among all the benchmark systems, we found that the RNA
UUUU tetramer simulation with Creyon2$ produced a sugar
puckering endo state distribution that closely aligns with NMR
experimental data, outperforming DESRES-FF and
CHARMM36. The NMR findings (Table S5) indicate that
the C2'- and C3’-endo states are similarly populated, as
reflected in the closely matched v, and v; values. However,
DESRES-FF and CHARMMS36 exhibited a C3’-endo bias,
making the UUUU tetramer appear more rigid than
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expected.”® We hypothesize that this discrepancy arises from
a simplified assumption in FF parametrization, where sugar
puckering conformations were explicitly defined as either C2'-
or C3’-endo during the dihedral torsion energy parametriza-
tion of nonpuckering-related dihedral angles (e.g., y or y). In
the RNA tetraloop simulations with Creyon25, we observed
that the 8mer unfolded significantly at 300 K within 200 ns but
remained folded at temperatures below 290 K throughout the
simulation. The simulation result is only qualitatively
consistent with experimental studies on the 8mer UUCG
tetraloop, where IR and UV spectroscopy data indicate a
melting temperature of 54 °C (327 K).*” Interestingly, a recent
theoretical study reported that, even with finely tuned FF
parameters, crystal UUCG tetraloop structures could not be
stabilized in solution-phase MD simulations.”> The study
attributed this discrepancy to multiple interconnected FF
inaccuracies that reinforce each other. To better reconcile
simulation and experimental results, we propose employing
enhanced sampling techniques, such as REMD or MTD, to
investigate the folding mechanisms and melting temperatures
of short 8mer RNA tetraloops. This approach could provide
deeper insights into the structural dynamics of short tetraloops
and help refine FF models accuracy.
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Current nucleic acid FF models face persistent challenges in
accurately reproducing a diverse range of DNA conformations
while also predicting their population distributions with
accuracy. As discussed in the Introduction section, a recent
theoretical study reported that none of the existing nucleic acid
FF models can reliably model RNA/DNA hybrid duplexes,
particularly in terms of sugar puckering endo state
populations.*® However, accurately simulating hybrid duplexes
is essential for understanding how synthetic nucleic acids
interact with RNA target strands, which is a crucial step toward
in silico oligonucleotide design. With Creyon25, we demon-
strated its ability to predict a reasonable BI/BII state
population in B-DNA and accurately capture the transition
between C2’- and C3’-endo states of the DNA sugar
puckering, particularly in the shift from B-DNA to RNA/
DNA hybrid duplexes. However, several areas require further
refinement. One notable limitation is the higher RMSD values
observed for B-DNA and the G-quadruplex found in the
present work. Compared to AMBER14SB, the Creyon25 DNA
model does not accurately reproduce the stable base
configurations (as defined by the y dihedral angle) in B-
DNA and G-quadruplex structures, resulting in larger RMSD
values relative to crystal structures. However, Creyon25
outperforms AMBER14SB in modeling A-DNA and RNA/
DNA hybrid systems. We found that the y dihedral torsion
term in the Creyon2S DNA model biases DNA duplexes
energetically toward the A-form rather than the B-form. A
recent theoretical study’® similarly highlighted the persistent
inability of current force fields to describe A- and B-DNA
simultaneously. Most DNA force fields show related
deficiencies—such as imbalance in DNA/RNA hybrids and
poor A-DNA representation—with no clear solution yet
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available. To better reproduce the diversity of DNA structures
observed experimentally, further optimization of DNA dihedral
parameters—particularly the y angle—is necessary. To address
these limitations, we recommend incorporating higher-level ab
initio molecular dynamics (AIMD) sampling, such as Density
Functional Theory (DFT) or Moller—Plesset second-order
perturbation theory (MP2), in place of semiempirical methods
for dihedral parametrization. Semiempirical models like GFN-
FF and GFN2-xTB may introduce biases by overemphasizing
low-populated conformations, leading to imbalanced parame-
ter sets. In contrast, AIMD-based sampling can generate more
reliable conformational ensembles of nucleotide model
compounds, thereby enhancing the quality of force field
parametrization and improving the accuracy of simulations
across a broader range of nucleic acid structures.

A very recent theoretical study introduced a new tool,
modXNA,* designed for parametrizing FF models of chemi-
cally modified nucleic acids that are compatible with the
AMBER FF family. Notably, in the modXNA framework,
partial charges for modified nucleic acid model compounds are
derived using the AMBER restrained electrostatic potential
(RESP) fitting procedure. However, the dihedral torsion
parameters—which are critical for accurately modeling overall
structural conformations—are directly adopted from existing
RNA/DNA or GAFF parameter sets, without reparameteriza-
tion. We hypothesize that by integrating modXNA with the
Creyon25 framework introduced in this work, one can
efficiently generate reliable FF models for chemically modified
nucleic acids. This represents a crucial advancement toward in
silico oligonucleotide design and development.
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Figure 8. Simulation results of the Ago2/RNA complex: (a) an
overlap of 10 RNA duplex snapshots (yellow ribbons) and the X-ray
structure (pink ribbons). Protein X-ray structure is shown as color
surface (b) the RNA and protein backbone RMSD:s as a function of
simulation time. (c) Protein backbone RMSDs of different domains.
(d) Hydrogen bond number between RNA and protein.
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Figure 9. Simulation results of the G-quadruplex: (a) an overlap of 10
simulation snapshots (yellow ribbons) of the simulation at 280 K and
the X-ray structure (pink ribbons). (b) The backbone RMSDs at 280
and 300 K as a function of simulation time.

B CONCLUSIONS

In this work, we introduce a generalized framework for
developing torsion energy parameters in nucleic acid FFs,
which are essential for accurately predicting both secondary
and tertiary structures of nucleic acids. Using this approach, we
have developed a new set of RNA and DNA FF models, named
Creyon2S, which demonstrates performance comparable to the
latest AMBER and CHARMM FFs. A key strength of this
framework is its ability to simultaneously parametrize all
critical dihedral angles while accounting for their collective
behavior, eliminating the need for arbitrary assumptions about
nonparameterized dihedral angles. We believe that adopting
this generalized framework represents a major advancement in
the development of FF models for modified nucleic acids. This
progress will enhance the capabilities of molecular modeling
and simulation, enabling more accurate studies of the
structural, dynamic, and electrostatic properties of oligonucleo-
tides in the near future.
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